B r i e f c o m m u n i c at i o n s
How the diverse types of cortical GABAergic interneurons influence behavior is unknown 1 . Interest has concentrated on interneurons expressing parvalbumin, as they are selectively damaged in schizophrenia and by drugs of abuse such as ketamine and phencyclidine [2] [3] [4] [5] . To directly test circuit-specific functions of parvalbumin-positive interneurons in behaving mice, we specifically blocked parvalbumincell synaptic output in hippocampal CA1 with tetanus toxin light chain (TeLC) 6 . TeLC cleaves VAMP2 and stops vesicle fusion.
We stereotaxically infused adeno-associated viruses (AAVs) containing the GFP-tagged TeLC (or GFP alone as control) reading frame inverted in a flip-excision (FLEX) cassette (AAV-FLEX-TeLC and AAV-FLEX-GFP) into parvalbumin (Pvalb)-cre transgenic mice 7, 8 . Thus, viral transgene expression can only occur in parvalbuminexpressing cells 9 (Fig. 1a,b) . We tested the method by unilateral AAV-FLEX-TeLC injection into the globus pallidus and reticular thalamus of Pvalb-cre mice. As expected, TeLC expression in parvalbuminpositive cells of these structures significantly increased ipsilateral turning compared with AAV-FLEX-GFP-injected controls (P = 0.02; Supplementary Fig. 1) .
Bilateral AAV-FLEX-TeLC injections into dorsal CA1 (CA1-PV-TeLC mice) produced TeLC expression in approximately 84% of dorsal CA1 parvalbumin-positive neurons (Fig. 1c-g ). Triple-immunolabeling for TeLC, parvalbumin and somatostatin indicated that all known subtypes of parvalbumin-positive interneurons were targeted 10 ( Fig. 1 and Supplementary Fig. 2 ). In CA3 and dentate gyrus, however, fewer parvalbumin-positive cells were affected (Fig. 1) . Expression of TeLC in parvalbumin-negative cells (approximately 1% of TeLC-positive cells) or outside of the hippocampus was rare. AAV-FLEX-GFP injections yielded similar expression of GFP (CA1-PV-GFP) and were used as controls (Supplementary Fig. 3 ).
VAMP2 immunoreactivity was strongly reduced in TeLC-positive terminals (P = 0.00005), suggesting impaired synaptic function ( Supplementary Fig. 4) . To test this, we performed whole-cell recordings from CA1 pyramidal neurons in slices from ventral hippocampus during extracellular stimulation in stratum pyramidale (Fig. 2a,b) . Fig. 3 ).
How does disruption of CA1 parvalbumin-positive cell-mediated inhibition affect behavior? Both CA1-PV-TeLC and CA1-PV-GFP mice had no obvious neurological deficits and performed similarly in open-field and hole-board tests ( Supplementary Fig. 6 ), suggesting that locomotion and anxiety were unchanged. Similarly, spatial reference memory (SRM), assessed in a radial arm water maze (RAWM) task with random release sites, but fixed platform location, was unchanged. Both groups showed learning over 5 training days as indicated by the shortening in swim path length (day effect, P = 0.008; group effect, P = 0.1) and progressive reductions in reference memory errors (marginal day effect, P = 0.06; group effect, P = 0.13) (ANOVA). In addition, both groups showed a clear spatial bias for the target arm during the probe test (CA1-PV-GFP, P = 0.026; CA1-PV-TeLC, P = 0.0002 relative to chance; t < 1 between groups; Fig. 2e and Supplementary Fig. 6 ). However, CA1-PV-TeLC mice had a strong deficit in spatial working memory (SWM) (re-entries into previously visited arms; P = 0.001, ANOVA; Parvalbumin-positive GABAergic interneurons in cortical circuits are hypothesized to control cognitive function. To test this idea directly, we functionally removed parvalbuminpositive interneurons selectively from hippocampal CA1 in mice. We found that parvalbumin-positive interneurons are dispensable for spatial reference, but are essential for spatial working memory. Fig. 6 ). To confirm the specific deficit in SWM, we established a delayed (60 s) matching to sample/place task using a Y-maze configuration in the water maze (Supplementary Methods). The percentage of correct responses in match trials reflects the trial-unique short-term storage of information and is hippocampus dependent 12, 13 . Again, CA1-PV-TeLC mice were significantly impaired (P = 0.025, ANOVA; Fig. 2g) . Comparable results were obtained after more restricted parvalbumin-positive cell inactivation in CA1 ( Supplementary  Fig. 7) , underpinning a crucial role of CA1 parvalbumin-positive cells in SWM. CA1-PV-TeLC mice showed similar deficits in working memory (RAWM, P = 0.032; Y-maze, P = 0.048), but no impairment in reference memory (P = 0.415) when compared with uninjected wild-type mice (ANOVA). However, CA1-PV-GFP and wild-type mice did not differ in any memory test.
To control for the possibility that inactivation of CA1 parvalbuminpositive cells caused a general failure of the CA1 circuitry rather than a selective deficit, we lesioned dorsal CA1 bilaterally with ibotenic acid and tested RAWM performance. CA1-lesioned mice had similar deficits in SWM (P = 0.002 compared with controls) as CA1-PV-TeLC mice and also showed significant impairment in SRM (P = 0.006, ANOVA; Supplementary Fig. 8 ). To determine whether SWM also required parvalbumin-positive cells in other hippocampal regions, we made exploratory injections of AAV-FLEX-TeLC into dorsal dentate gyrus coordinates of Pvalb-cre mice. This also generated SWM deficits (P = 0.001). However, although AAV-FLEX-GFP-injected controls showed significant reductions in path length (P = 0.0001) and SRM errors (P = 0.01), AAV-FLEX-TeLC-injected mice did not (P = 0.148 and P = 0.4, respectively) (ANOVA), suggesting that parvalbumin-positive cells may have additional functions in other hippocampal areas.
Hippocampal lesion and inactivation disrupt both spatial reference and working memory 12, 14, 15 . We identified a population of hippocampal CA1 interneurons that selectively supports encoding of spatial working, but not incremental reference memory. Further insight will require manipulating specific parvalbumin-positive cell subtypes and other interneuron subpopulations 1, 10 . The working memory deficits found in schizophrenia are usually attributed to parvalbumin-positive cell impairment in the prefrontal cortex [2] [3] [4] . Our findings suggest that parvalbumin-positive cell dysfunction in the hippocampus 5 could also account, at least in part, for these deficits. 
